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Ultrastiff graphene
Vesa-Matti Hiltunen 1, Pekka Koskinen 1, Kamila K. Mentel 2, Jyrki Manninen 1, Pasi Myllyperkiö 2, Mika Pettersson 2 and
Andreas Johansson 1,2✉

Graphene has exceptionally high in-plane strength, which makes it ideal for various nanomechanical applications. At the same time,
its exceptionally low out-of-plane stiffness makes it also flimsy and hard to handle, rendering out-of-plane structures unstable and
difficult to fabricate. Therefore, from an application point of view, a method to stiffen graphene would be highly beneficial. Here we
demonstrate that graphene can be significantly stiffened by using a laser writing technique called optical forging. We fabricate
suspended graphene membranes and use optical forging to create stable corrugations. Nanoindentation experiments show that
the corrugations increase graphene bending stiffness up to 0.8 MeV, five orders of magnitude larger than pristine graphene and
corresponding to some 35 layers of bulk graphite. Simulations demonstrate that, in addition to stiffening by micron-scale
corrugations, optical forging stiffens graphene also at the nanoscale. This magnitude of stiffening of an atomically thin membrane
will open avenues for a plethora of new applications, such as GHz resonators and 3D scaffolds.
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INTRODUCTION
Modifying or enhancing mechanical properties of a material does
not always require changing its internal composition. Altering the
properties can be achieved also by rather simple changes of shape
in the overall structure. For example, corrugated metal sheets
have higher bending stiffnesses compared to their flat counter-
parts of the same thickness, which is why corrugated sheets are
often used as roofing materials. Corrugated structures are also
utilized in packaging materials, such as cardboard boxes and
plastic containers.
The principle of mechanical reinforcement by corrugations can

be applied equally to nanoscale materials. Graphene has a Young’s
modulus of 1 TPa, which makes it the strongest material in the
world1. However, as an atomically thin material, it is also very
flimsy and conforms to the shapes of underlying substrates. While
sometimes the low-bending stiffness of graphene is a strength,
other times having a rigid structure without substrate support is
advantageous. There is ample evidence that nanoscale corruga-
tions increase the bending stiffness of graphene significantly2,
enabling the shaping of graphene into stable three-dimensional
forms. This stiffened graphene could be used in a wide variety of
nanomechanical devices, such as resonators, nanoscale springs or
ultralight scaffolds.
In this study, we create corrugations to suspended graphene

membranes by irradiating it with a femtosecond pulsed laser
under inert atmosphere in a process that we call optical forging3–5.
The graphene was fabricated by chemical vapor deposition and
transferred onto a silicon nitride membrane window with
different-sized openings. The graphene membranes were char-
acterized before and after optical forging with Raman spectro-
scopy, atomic force microscopy (AFM), and nanoindentation.

RESULTS
Effect of optical forging on suspended graphene
Figure 1 presents how optical forging modifies graphene. Before
forging, the membrane is bowing downwards, as it adheres to the

sidewalls of the openings. The membrane itself is smooth,
although in Fig. 1a there are a few folds and residual particles
from the graphene transfer step visible. After forging, the shape of
the graphene membrane has changed completely, as it bulges
upwards and is extremely corrugated, while the residues are
removed. There are two length scales for the corrugations. The
ridges and grooves caused by the small-scale corrugations in Fig.
1b are close to vertical, corresponding to the fast scan direction of
the laser writing, while the large-scale corrugation is perpendicular
to it. It is notable that even though the laser writing pattern has a
square shape, the graphene outside of the opening remains
unchanged. This is a deviation from the behavior of graphene on
plain silicon oxide, where the shape of graphene follows the laser
writing pattern3,5. This is presumably because of higher adhesion
of graphene to silicon nitride6. However, the membrane in Fig. 1b
has delaminated from the rim of the opening, which contributes
to the final height of the corrugated graphene structure.
Raman spectra of the graphene membrane before and after

optical forging are shown in Fig. 1e. The striking difference is the
appearance of a sharp D-band at 1340 cm−1. Before forging this
band is missing, which indicates that initially the graphene is
defect-free7. Optical forging creates lattice defects in the
graphene, which we have reported previously3,5. It is important
to note that after optical forging the two-dimensional (2D) Raman
band is still defined by a single symmetric peak and the intensity
is greater than the G-band. These observations indicate that
graphene is still single-layered and has long-range order, despite
the increased defect concentration and the huge difference in the
morphology7–9.
Other differences besides the D-band intensity are shifts in the

peak positions of the G and 2D Raman bands and an increase in
2D/G intensity ratio. Positions of these peaks can be used to
estimate both doping and strain of graphene (see Supplementary
Methods). The results show that before forging our graphene
membranes are slightly compressively strained and hole-doped.
Small amount of compressive strain is common for chemical vapor
deposition (CVD) graphene after transfer to the final substrate10.
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Since pristine suspended graphene should be undoped, it is safe
to say that the hole doping is caused by polymethyl methacrylate
(PMMA) residues from the transfer process11. The AFM image in
Fig. 1a shows some scattered residues of PMMA on the graphene
surface. After the laser treatment both the G- and 2D-bands are
downshifted, suggesting that both strain and doping are reduced.
We attribute the decrease of doping to removal of these polymer
residues by the forging. This cleaning effect can be seen from the
AFM images in Fig. 1. The reduction of strain is a bit more
surprising considering the large change in morphology, but we
argue that this is an inherent property of the corrugated
graphene. The trend of decreasing strain and doping is noticeable
for all forged membranes (see Supplementary Methods).

Mechanical properties of optically forged graphene
Figure 1f shows examples of indentation curves before (black) and
after (red) optical forging. The before curve shows typical behavior
for a single-layer graphene membrane. It is clear already on the
first inspection that the curve after the laser treatment is much
more linear. This linear behavior indicates that either stress,
bending stiffness or both increase during the treatment. The effect
of forging is visible also in the zoomed inset, where the force falls
below zero, signifying that the probe is snapping downwards into
contact with the sample. The negative force is caused by long-
range attractive interactions that cause the cantilever to deflect
towards the surface. With pristine graphene (i.e., before optical
forging) the attractive force is barely noticeable. This is because

single-layer graphene is very flexible in the direction perpendi-
cular to its 2D lattice and as freestanding it is free to bend both
upwards and downwards. Since it flexes easily, it cannot exert
large bending to the probe’s cantilever. However, the optically
forged graphene is able to pull the cantilever down, giving
another qualitative indication that the bending stiffness of the
optically forged graphene is strongly increased. It is important to
note here that, after the optical forging, the membrane
morphology is fully stable. Even after the membrane is indented
with a force of 500 nN, it reverts accurately back to the shape
shown in Fig. 1b, d.
Mechanical properties of the graphene can be determined from

a fit to indentation data. The relationship between the force and
indentation depth for indentation at the center of a circular
membrane is characterized by equation1:

F ¼ 16πD
R2

þ σ2D
0

� �
δþ E2Dq3

R2

� �
δ3; (1)

where F is the indentation force, R is the membrane diameter, D is
the bending stiffness, σ2D

0 is the film pretension, δ is the
indentation depth, E2D is the two-dimensional elastic modulus,
and q ¼ 1=ð1:05� 0:15ν � 0:16ν2Þ is a dimensionless constant,
where ν is the Poisson’s ratio. It is often difficult to determine the
zero point of indentation, the point where the tip is touching the
sample but not exerting any force to it. In order to make the fitting
procedure independent of manual bias, we used the full third-
order polynomial to fit the experimental data (see “Methods”).
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Fig. 1 Experimental results of a membrane irradiated with dose of 2.4 · 1011 pJscm−2 per point. AFM images showing the membrane
a before and b after optical forging. Panels c and d show 3D-rendered images of a and b with the same colorscale. Raman spectra e and force
curves f showing the graphene before (black) and after (red) forging. Note that in panels c and d the vertical dimension is sixfold enhanced
compared to the lateral dimension. Scale bars are 1 µm.
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Figure 2a shows the effect of optical forging dose on the two-
dimensional elastic modulus of graphene. Before the optical
forging, the average elastic modulus value for our membranes is
322 Nm−1 (~1 TPa), which is in good agreement with earlier
works1,12. When the graphene is optically forged, already the
lowest doses decrease the elastic modulus below 200 Nm−1.
However, the highest doses do not seem to decrease it below
125 Nm−1, which is likely because the defect density does not
increase considerably when the dose is increased. The defect
density was calculated from D- and G-bands of the membrane’s
Raman spectra (see Supplementary Methods). Figure 2b presents
the elastic modulus as a function of defect density, showing how
after the optical forging the defect density ranges between 1.4
and 2.7 · 1012 cm−2 and in this range does not really affect the
elastic modulus after the initial decrease. The decrease in elastic
modulus matches well with earlier simulation results13. In previous
experimental studies the elastic modulus has been found to either
increase14 or decrease15 with increasing defect density. An
important factor in determining what happens is the type of
defects. Monovacancies increase the elastic modulus of the
membranes, while other defect types, like Stone-Wales type
defects, cause lowering of the elastic modulus14,16.
Determining the bending stiffness quantitatively from the

indentation data is not straightforward. The bending stiffness for
flat pristine single-layer graphene is very small, less than 10 eV17–20.
Therefore, the bending stiffness is normally negligible compared to
pretension and fitting of the force curves are done without the first
term in Eq. (1). This is also a good assumption in our case before
forging. After forging the situation is not as simple, since a more
pronounced linear trend in the curve could indicate higher
pretension, higher bending stiffness, or both. However, as
mentioned above, Raman data indicates that strain after the
optical forging is lower, not higher. Additionally, high-bending
stiffness values for graphene with corrugations has been reported
before2, and therefore the bending stiffness cannot be assumed to
be negligible after forging. Since the bending stiffness and
pretension are assumed to be of the same magnitude, they
cannot be separated using only the indentation data. Therefore,
we calculated the tension from Raman data using the analysis
described by Lee et al.10. First, we calculated the tension from
nonirradiated graphene both from the indentation fit parameters
and Raman data to check the reliability of Raman spectroscopy for
this purpose. The results are presented in Table 1, and they show a
surprisingly good match between the methods, giving us
assurance that the tension can be calculated reliably from Raman
data. Bending stiffness of optically forged graphene membrane
can then be calculated by subtracting the pretension from the
linear term of the indentation fit.
Figure 3 shows AFM images and force-indentation depth curves

for three different membranes. All of the AFM images are taken
after optical forging. Insets in Fig. 3b, d, and f show the snap-to-
contact region and have the same scale to ease comparison. In

Fig. 3a the graphene membrane does not have clearly developed
corrugation and the force curves before and after the laser
treatment are very similar in shape. The membrane in Fig. 3c is
slightly corrugated from the sides of the membrane and the force
curve in Fig. 3d shows slight change. In Fig. 3e the membrane has
clearly more corrugated structure compared to the previous two.
Consequently, the force curve after the laser treatment has a clear
snap-in and the curve is initially much more linear. The extreme
situation is presented in Fig. 1, where the membrane is very
corrugated and the force curve is almost fully linear. Note that also
the diameter of the openings in Fig. 3a, c, and e increase in this
order. Bending stiffness calculated as described above yield 3 keV
(a,b), 19 keV (c,d), 93 keV (e,f) and 790 keV (Fig. 1). Note that, based
on the noise level of our AFM system and the indentation data
from the nonirradiated membranes, the minimum bending
stiffness value that we can reliably measure is ~20 keV. Therefore,
we can only say that the stiffnesses of the membranes in Fig. 3a–d
are somewhere below 20 keV. However, the values for membranes
in Figs. 3e and Fig. 1 are well above the threshold, and extremely
high for graphene: the 0.8 MeV stiffness is the highest ever
reported for graphene by two orders of magnitude2. While it
makes sense to see a hugely increased stiffness when the changes
in the membrane morphology and force curve are as large as in
Fig. 1, this matter requires investigation also from a theoretical
standpoint.

Dynamical simulations of forged graphene membranes
To better understand the role of corrugations, we modeled
indentation experiments by computer simulations. Simulations
used a classical thin-sheet elasticity model, which captures
graphene’s behavior well both at atomic and mesoscopic length
scales21–27. The strain parameter ks = 336 Nm−1 was set equal to a
typical value for a flat, pristine graphene membrane3,12,22.
However, because of the unknown microstructure of optically
forged graphene, the bending parameter kb was treated as an
adjustable parameter2. Note that ks and kb are parameters intrinsic
to the model and represent material properties below the used
20 nm discretization length scale. Generally they differ from the
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Fig. 2 The effect of optical forging on the 2D elastic modulus of graphene. a E2D vs. pulsed laser irradiation dose per point. b E2D vs. defect
density.

Table 1. Tensions of the pristine graphene membranes calculated
from Raman and indentation data.

Membrane Raman (Nm−1) Indentation (Nm−1)

1 0.128 0.104

2 0.099 0.100

3 0.139 0.166

4 0.114 0.130

5 0.155 0.179

6 0.158 0.179
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2D elastic modulus E2D and bending stiffness D, which are
quantities derived from the force-indentation curves through Eq.
(1) and depend on membrane morphology. In short, indentation
simulations proceeded by first defining the initial state for the
membrane and then applying a gradually increasing and then
decreasing force in the middle, while following the membrane’s
response by a dynamical simulation (for details, see “Methods”).
We began by simulating the indentation of graphene before

forging, represented here by an initially flat membrane with ks =
1 keV (Fig. 4a). In this special case with E2D ¼ ks, D ¼ kb, the force-
indentation curve follows Eq. (1) closely, and zero pre-strain (Fig.
4e), as expected and in agreement with experiment (Fig. 1f).
Following, we attempted to simulate the optically forged
membrane in Fig. 1 by using the previous convention of
forging-induced homogeneous and isotropic biaxial expansion3,4,
here derived from the AFM topography to be equal to ε0 ¼ 2:3%.
However, with homogeneous expansion, the experimental mor-
phology turned out to be completely unstable and the membrane
relaxed into an unrecognizable, featureless hump regardless of the
value of kb (Fig. 4b). Similar instabilities occurred for other
experimental morphologies (Fig. 3). These instabilities imply that

the previous convention of homogeneous expansion is inap-
propriate and that the expansion fields are non-homogeneous
and membrane morphologies are frozen: morphology defines the
adaptation to a new state of zero elastic energy.
To build on this idea, we simulated the indentation of a

membrane with kb = 1 keV adapted to the morphology in Fig. 4c2.
The indentation process was reversible and the topography
recovered accurately after maximum indentation depth of 360 nm,
in agreement with the experiment (Fig. 4d; see also Supplemen-
tary Video). Owing to the hidden area related to corrugations, the
force-indentation curve becomes overall more shallow than for
the flat membrane (Fig. 4e)28. However, the scale of the figure
does not reveal the most significant difference at small indenta-
tion depths: by fitting Eq. (1) to the force-indentation curve, the
bending stiffness comes with the value of D= 61 keV. Although
smaller than D in the experiment, it is still nearly two orders of
magnitude larger than the bending parameter kb. The reason for
this stiffening is corrugation. Theory has shown that, in the
presence of corrugations, bending stiffness behaves as

D ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kskb h2h i

p
; (2)

Fig. 3 AFM images and force-indentation curves for three different membranes. Irradiation dose for membranes in a and c was 4.8 · 1010

pJscm−2 per point and for e 7.2 · 1010 pJscm−2. Panels on the right show the force-indentation curves of the membranes shown in the left,
respectively. Curves are measured both before (black) and after (red) optical forging. Insets in the panels on the right show the snap-to-
contact region. All the scale bars are 500 nm.
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where h2h i is the mean square deviation of the height corruga-
tions29,30. To confirm this behavior, we adapted the membrane to
the same morphology and calculated D kbð Þ for various kb (Fig. 4f)
and made a fit to Eq. (2) using Δh ¼ ffiffiffiffiffiffiffiffiffihh2ip

as a fit parameter. The
fit gave Δh ¼ 42 nm, in good agreement with the simulated values
of D kbð Þ and in excellent accordance with the value ΔhAFM ¼ 43 nm,
determined independently and directly from the AFM topography
over the hole area. Therefore, based on Eq. (2) and direct simulations
(cf. Figs. 1f and 4e), the experimental stiffness D ¼ 0.8MeV implies
bending parameter of kb � 100 keV for this particular sample of
optically forged graphene. These results imply that, in addition to
corrugation-induced stiffening at mesoscale, optical forging stiffens
graphene substantially also at the nanoscale.

DISCUSSION
To conclude, our results show that optical forging can be used to
substantially enhance the bending stiffness of monolayer
graphene by forming fully stable corrugated structures. Raman
spectra verified that optical forging creates defects in the
graphene lattice, but the graphene remains single-layered with
long-range order. Nanoindentation study revealed that the
bending stiffness of the corrugated graphene membranes can
increase up to 0.8 MeV, record high for graphene by two orders of
magnitude2. Although astonishing in magnitude, the reported
bending modulus is still a realistic one. Blees and co-workers
already reported 1–10 keV bending moduli in kirigami samples
made of CVD-grown graphene2. In other words, the intrinsic
bending modulus of “pristine” CVD graphene can be 3–4 orders of
magnitude larger than the theoretical bending modulus of ideally
flat graphene. Here optical forging corrugates graphene visibly,
which accordingly enhances bending modulus substantially more.
Our simulations show that the corrugations observed by AFM
enhanced the measured bending modulus by an additional 1–2
orders of magnitude compared to the intrinsic bending modulus
(Fig. 4f), in accordance with recent reports31. In simple terms, this
stiffening becomes possible because corrugations couple bending

to graphene’s large in-plane stiffness through stretching and
compression. However, further investigations are required to
clarify and fully quantify the scale-dependence of the bending
modulus, starting from the defected atomic structure.
These findings may open new avenues to build a plethora of

new nanomechanical structures and metamaterials where besides
being light and strong, graphene is also made extremely stiff. For
example, it could serve as an ultralight scaffold or reinforcement in
microelectromechanical structures. It also has potential in creating
active components in sensing, where the stiffness can be tuned
locally by optical forging. One example is mechanical resonators,
where graphene already is considered a promising material due to
its strength and lightweight. It has been shown that circular
graphene membranes with similar radius to our membrane in Fig.
1 have typical resonance frequencies in the range of a few tens of
MHz32–34. Since f / ffiffiffiffi

D
p

, stiffening of the graphene membrane
can then be used to modify the fundamental resonance frequency
of the resonator35. The observed bending stiffness increase from a
few eV up to 0.8 MeV would bring the fundamental mechanical
resonance frequency into the GHz range. The only previous
demonstration of reaching the GHz range is by strongly straining
the graphene membrane, which is a difficult method to control36.
Optical forging on the other hand provides controlled defect
engineering that modifies the bending stiffness, allowing tuning
of the membrane resonance frequency. If assuming the quality
factor (Q) is in the range of 100–1000 as for pristine graphene (it
may even be higher depending on what dissipation channels are
active), the membrane may allow coherent quantum operations at
room temperature37. Finally, the same stiffness modification
demonstrated here for graphene may apply for other 2D materials
as well.

METHODS
Fabrication of suspended graphene sample
Graphene used in the indentation experiments was synthesized using
chemical vapor deposition. First, a catalyst surface was fabricated by

Fig. 4 Simulating indentation by thin-sheet elasticity theory. a Flat membrane over a 3.4-µm-diameter hole with 500 nN force applied in the
middle. b Optimized geometry of a membrane with homogeneous and isotropic expansion of ε0 ¼ 2:3% inferred from the morphology in
panel c and using the same morphology as the initial guess. c Morphology of Fig. 1b to which membrane was adapted before indentation
simulation (reproduced here for easy comparison); the same morphology was recovered after indentation. d Corrugated membrane at 500 nN
force applied in the middle. e Force-indentation curves for flat membrane with kb = 1 eV (black curve), corrugated membrane with kb = 1 keV
(blue curve), and corrugated membrane with kb = 100 keV (red curve). Dashed curve is Eq. (1) with D= 1 keV and E2D = 336 Nm−1. Curves
show small hysteresis for corrugated membranes. f Bending moduli D derived from the curves for different bending parameters kb (circles),
with a fit to Eq. (2) (solid line). All images show 3.7 × 3.7 µm area with kb = 1 keV, hole diameter 3.4 µm, and vertical dimension fourfold
enhanced.
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evaporating 600 nm copper film onto a cleaned single crystal Al2O3 (0001)
surface. Then the sample was placed into a furnace (MTI, GSL-1100X) for
annealing and graphene synthesis. Annealing was performed at 1050 °C
under gas flows of 470 sccm argon and 30 sccm hydrogen for 30min. The
annealing step cleans impurities from the copper surface and also
crystallizes the copper forming (111) crystal plane via secondary grain
growth38,39. The synthesis of graphene was initiated directly after the
annealing step by adding 3 sccm of 1 % CH4 in argon gas mixture into the
stream for 20min, after which the sample was pulled out of the furnace
and allowed to cool down.
After the synthesis the sample was spin-coated with PMMA support

layer (PMMA A4, 3000 rpm) and placed to 1M ammonium persulfate bath
to etch the copper. After the copper etching the graphene/PMMA stack
was rinsed with deionized water and placed onto a 300 nm thick silicon
nitride membrane window with etched circular openings of different sizes.
The sample was allowed to dry overnight after which it was baked on a hot
plate at 100 °C for 5 min to remove as much residual water between the
graphene and the substrate as possible. The PMMA was then removed
using acetone and the sample was dried with a critical point dryer. This left
graphene suspended over the openings. Then, in order to remove residual
PMMA, the sample was annealed at 300 °C under gas flows of 400 sccm
argon and 30 sccm hydrogen for two hours. After the annealing process,
only scattered PMMA residues of 1–2 nm in height remain on the
graphene surface, as visible in Fig. 1a.

Optical forging
Direct laser writing (optical forging) of the patterns was performed with
515 nm femtosecond laser (Pharos-10, Light Conversion Ltd., 600 kHz
repetition rate, 250 fs pulse duration) focused with an objective lens (N.A.
= 0.8) to a single Gaussian spot (FWHM~ 500 nm)3. The spot size has been
estimated using small sized openings in the Si3N4 window. With 500 nm
opening size a small reflection ring is visible, while with 800 nm opening
no reflection is observed. The laser writing was performed under a
nitrogen purge to prevent photo-oxidation of graphene during the writing
process. Pulse energy was 60 pJ in all exposures. For each membrane the
writing pattern was a square covering the opening, for example with a
3.3 µm-diameter opening the patterned square size was 4 × 4 µm2. The
patterning was done by step-by-step irradiation with 0.1 µm separation
between consecutive laser spots and writing speed varying from 0.5 to 10 s
per spot for different membranes.

Raman spectroscopy
The membranes were characterized by Raman spectroscopy using a home-
built Raman setup in backscattering geometry. Excitations were done with
532 nm CW laser (Alphalas, Monolas-532-100-SM). The beam was focused
to the sample and subsequently collected with a 100x microscope
objective (Nikon, L Plan SLWD 100x/0.70). The scattered light was
dispersed in a 0.5 m imaging spectrograph (Acton, SpectraPro 2500i)
using a 600 gmm−1 grating (resolution: ~7–8 cm−1). The signal was
detected with an EMCCD camera (Andor Newton, EM DU971N-BV) using
100 µm slit width. A beam splitter was placed between the objective and
the spectrometer in order to observe the exact measurement point
visually. The Rayleigh scattering was attenuated with an edge filter
(Semrock). The incident laser power was 0.1 mW.

Atomic force microscopy and nanoindentation
The sample was imaged using an atomic force microscope (Bruker,
Dimension Icon) with PeakForce tapping mode. During imaging we used
ScanAsyst Air probes with nominal spring constant of 0.4 Nm−1.
Indentation was done with the same AFM setup as the imaging using

diamond-like carbon coated Tap300 probes (Budget Sensors). The spring
constants of the probes were calibrated by indenting the silicon nitride
substrate. The spring constants ranged between 38 and 58 Nm−1. Radii of
the probes were determined from a scanned image of high roughness
titanium sample (Bruker)40,41. Based on the AFM imaging, graphene
membranes that did not have holes or too much impurities were used for
indentation experiments. The same graphene membranes were indented
both before and after the direct laser writing in order to have directly
comparable results. A total of eight different graphene membranes were
studied. For each membrane five force vs. indentation depth curves with
500 nN maximum force were collected. For each membrane the first
indentation curve was excluded, because in the first indentations the

elastic modulus value calculated from the fitting parameters were
systematically lower than with the rest of the indentations. This was
caused by membrane slipping when load was applied to the membrane
and has been reported previously42.
A common problem with indentation measurements of thin materials is

the determination of the zero point of indentation. To overcome this issue,
we used the full third-order polynomial form of Eq. (1), which has been
used also in previous studies14,42. By writing F ¼ f � f0 and δ ¼ Z � δ0,
where f is the measured force, Z the piezo movement in z direction, f0 and
δ0 are free parameters and k1 ¼ 16πD

R2 þ σ2D0 π and k2 ¼ E2Dq3=R2 are linear
and cubic coefficients, Eq. (1) becomes

f � f0 ¼ k1 Z � δ0ð Þ þ k2ðZ � δ0Þ3: (3)

For fitting this can be written as

f ¼ f0 � k1δ0 � k2δ
3
0

� �þ k1 þ 3k2δ
2
0

� �
Z � 3k2δ0ð ÞZ2 þ k2Z

3: (4)

By using this fitting function, human input is not required for picking the
zero point of indentation. This point can be determined from the fitting
parameters f0 and δ0.

Thin-sheet elasticity simulations
The indentation experiments were simulated by thin-sheet elasticity
theory, which is known to model graphene well over several length
scales3,21,22,24. The total energy of the sheet is obtained by integrating in-
plane strain, out-of-plane bending, and external energy densities

E ¼
Z

fs þ fb þ fextð ÞdA: (5)

The in-plane strain energy density is

fs ¼ ks
1� ν2

1
2

εxx þ εyy
� �2� 1� νð Þ εxxεyy � ε2xy

� �	 

; (6)

where εαβ rð Þ is the strain tensor, ν ¼ 0:165 is the Poisson ratio, and ks =
336 Nm−1 is the strain parameter3,12. The bending energy density is

fb ¼ kb
2

Cxx þ Cyy
� �2�2 1� νð Þ CxxCyy � C2

xy

� �h i
; (7)

with bending modulus kb and curvature tensor Cαβ rð Þ43. The external
energy density fext is a delta-function-type potential that inflicts a
predetermined downward force F ¼ �Fk̂ dead center of the membrane.
The expansion field εeαβ rð Þ due to optical forging is introduced through a

modified strain tensor εαβ rð Þ ¼ εpαβ rð Þ � εeαβ rð Þ, where εpαβ rð Þ is the strain
tensor of the unexpanded, pristine membrane3,4. Homogeneous and
isotropic expansion by ε0 is given by εeαβ rð Þ ¼ ε0δαβ . By treating the
curvature tensor analogously, the membrane is adapted to a given
morphology by defining non-homogeneous expansion and curvature
fields εeαβ rð Þ and Ce

αβ rð Þ such that the elastic energy density at that
morphology is identically zero.
Using this theory, a 3.7 × 3.7 µm square membrane was discretized to a

square lattice with dx ¼ 20 nm spacing. The square had a 3.4-µm-diameter
hole in the middle, outside of which the lattice points were fixed and
inside of which they were propagated using Langevin thermostat at 300 K
temperature. Thermostat’s damping time was τ ¼ d=v? , where d is hole
diameter and v? ¼ 60 ´

ffiffiffiffiffiffiffiffiffiffiffiffi
kb=eV

p
ms−1 is the speed of transverse waves at

relevant wavelengths. This choice was made to allow transverse waves
enough time to propagate across the membrane before dissipation. The
time step was dt ¼ dx=4vjj (0.25 ps at maximum), where vjj = 22 kms−1 is
the speed of longitudinal waves.
The simulations proceeded by increasing the indentation force gradually

from zero to Fmax = 500 nN and reducing it back to zero, within 1000 force
steps. Elastic waves generated by steps in force were allowed to dissipate
for the duration of one damping time τ, resulting in a total simulation time
of ttot ¼ 1000´ τ.

DATA AVAILABILITY
All data used in this study are available from the corresponding author upon
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